Electrolyte decomposition processes on cathode and anode active materials significantly affect to the cycle life and the calendar life of lithium-ion batteries. Here we designed a new in-operando FTIR spectroscopy cell to investigate the decomposition process of the electrolyte solutions. The cell is compatible with various cathodes and anodes for lithium-ion batteries and the charging-discharging rate can be increased up to 1 C. In the case of the conventional cathode active material LiMn 2 O 4 , the in-operando spectra shows adsorption and solvation process of the electrolyte solvent molecules, while no clear evidence of the electrolyte oxidation process is observed. On the other hand, the solid electrolyte interphase (SEI) layer formation processes on graphite anodes are clearly observed. Hence, we think the new measurement technique should be a powerful tool for the development of electrolyte additives.
Introduction
Lithium-ion batteries have been staying at the center of the advanced battery technologies after the first production by SONY in 1991. Recently lithium ion batteries for automotive applications are getting more expanded due to the increasing of the hybrid electric vehicles (HEV), plug-in hybrid electric vehicles (PHEV) and electric vehicles (EV). The average lifetime of a vehicle is 2-3 times longer than the consumer electronic devices such as mobile phones or laptop computers. Hence the lithium-ion batteries for automotive applications need to show extremely long cycle life and calendar life. Since the lithium-ion batteries have highly oxidative cathodes and highly reductive anodes, decomposition of the electrolyte solution is one of the major degradation processes, which lead capacity loss and increase of the cell resistance. Therefore analytical studies for the electrolyte decomposition process are very important for further improvement in battery life. 1 Various "ex-situ" and "in-situ" analytical techniques, such as Fourier transform infrared spectroscopy (FTIR), [2] [3] [4] [5] [6] [7] [8] [9] [10] X-ray photoelectron spectroscopy (XPS) 11, 12 and atomic force microscopy (AFM), [13] [14] [15] have been carried out to characterize the decomposed products remained on the electrode surface. In-situ FTIR spectroscopy is one of the popular analytical techniques to characterize the surface species of the electrodes. We previously performed an insitu FTIR spectroscopic study based on an external reflection method, to understand the surface film formation process on cathode active materials for lithium-ion batteries. [16] [17] [18] However there still remain a lot of challenges in the in-situ FTIR spectroscopic technique. For example, standard composite electrodes used in the commercial lithium-ion cell cannot be applied for the spectroscopic cell, because reflectivity of the composite electrode is very low due to the conductive carbon. Thus thin film electrode needs to be prepared by rf-sputtering or pulse laser deposition process. 8 Of course these thin film electrodes are very useful as "model" electrodes having an ideal electrode-electrolyte interphase, however the obtained electrode surface is always different from the actual electrodes. Another challenge is the electrochemical performance of the in-situ cell. In the case of the internal reflection geometry, the thin film electrode has to face to the window material; as a consequence high rate charging-discharging process is not applicable for the in-situ cell.
Here we designed a new electrochemical spectroscopic cell based on a diamond-ATR optical system. A common battery charging conditions were applicable during the FTIR measurements and various common battery materials can be used as composite electrode form, containing electron conductive materials and binder, without any special treatment. In the present paper, we report a couple of examples of the newly designed in-operando FTIR spectroscopic measurement results.
Experimental
A schematic representative of the in-operando FTIR cell is shown in Fig. 1 . A commercial diamond-ATR accessory (Dura SamplIR, Smiths Detection) was employed for the bottom part of the cell and combined with a specially designed two-electrode cell (Tomcell Japan). The working electrode coated on a porous carbon paper current collector is placed on the diamond crystal. In order to 
A SNIFTIR spectrum typically provides, positive and negative peaks correspond to the vibration of decreased species and the newly formed species.
Results and Discussion

In-operando FTIR spectroscopy for a LiMn 2 O 4 cathode
Firstly we performed the in-operando FTIR measurement using a conventional LiMn 2 O 4 spinel cathode active material. The inoperando FTIR cell showed typical voltage profiles of LiMn 2 O 4 composite electrode with high reversibility as shown in Fig. 2(a) . The specific capacity of the LiMn 2 O 4 is approx. 110 mAh g ¹1 at C/5 and 98 mAh g ¹1 at 1 C, are lower than typical specific capacity of two-electrode cell 130 mAh g
¹1
. We think that the low specific capacity is owing to the poor electrical connection path of the composite electrode coated on the porous carbon paper, while the standard electrode coated on aluminum current collector has good electrical conductivity. Despite of the high resistance of the in-operando cell, the voltage profile at 1 C charging-discharging process still shows a good reversibility. Therefore further improvement can be expected through an optimization of the electrode structure for the reproduction of the practical battery testing conditions. Figure 2 (b) and (c) show the SNIFTIR spectra of the LiMn 2 O 4 composite electrode during the charging and discharging process at C/5 respectively. The 1 st SNIFTIR spectrum of the charging process and the last spectrum of the discharging process show strong positive and negative peaks while other peaks are relatively weak and stable. It suggests that the overpotential applied to the electrode significantly affects to the adsorption of the solvent molecules as reported in the previous paper. The induction effect of the positively charged electrode weakens the carbonyl bond of the adsorbed solvent molecules. As a consequence, most of the absorption peaks corresponding to the solvent molecules slightly shift.
We think the electrolyte concentration also affects to the initial spectrum of the charging process and the final spectrum of the discharging process. As a comparison, a subtracted spectrum of the two electrolyte solutions having different LiPF 6 concentration (1.0 M and 1.4 M) is shown in Fig. 3(a) . Similar to the SNIFTIR spectra, several positive and negative peaks are observed in the spectrum. Since only the difference between these two electrolyte solutions is concentration of the electrolyte, the positive peaks represent the free solvent molecules while the negative peaks represents the adsorbed or solvated solvent molecules. All the peak positions of the initial SNIFTIR spectrum [ Fig. 2(b) red] during the charging process well match with the reference spectrum. Thus it shows that the lithium concentration of the electrolyte solution in the composite electrode significantly increased during the initial stage of the charging process. A summary of the peak assignment is shown in Table 1 .
On the other hand, the peak intensities of the following spectra [ Fig. 2(b) pink] are much weaker than the spectrum of the initial charging process. It suggests that the lithium concentration immediately get stabilized due to the fast diffusion of lithium ion in the electrolyte solution confined in the composite electrode. This result shows a clear advantage of our in-operando FTIR cell Electrochemistry, 83(10), 874-878 (2015) compared with the external reflection cell previously reported. In the case of the external reflection cell, the influence of the electrolyte concentration change is always observed in the SNIFTIR spectra, because of the slow diffusivity of the lithium ion in the electrolyte solution confined between the working electrode and the window.
The following spectra of charging process only show relatively weak positive peaks and no clear negative peaks. All the positive peaks match with the absorption spectrum for the electrolyte solution (1 M LiPF 6 EC:DEC = 1:1) shown in Fig. 3(b) and Table 2 . Since the actual quantity of the electrolyte solution at the surface of the diamond crystal is not supposed to be changed, we assume the refractive index of the composite electrode was gradually decreased along with the charging state. As a consequence, the depth of the evanescent wave decreases based on the following equation:
where n 1 is the refractive index of the diamond crystal, and n 2 is the refractive index of the composite electrode. Thus the spectra suggest that the refractive index of LiMn 2 O 4 continuously decreases with its charging state. Figure 2(c) show the in-operando FTIR spectra of the LiMn 2 O 4 during the discharging process. The spectra observed during the discharging process are almost just inverse spectra of the charging process and no clear evidence for the electrolyte decomposition is observed. Actually some electrolyte decomposition is supposed to be occurred, however the peak intensities corresponding to the decomposed products are probably much weaker than the spectra changes of other processes.
In-operando FTIR spectroscopy for a graphite anode
We also performed in-operando FTIR spectroscopy for the SEI formation process on a graphite anode.
19,20 Figure 4 shows the Figure 4 . In-operando FTIR spectra of the graphite negative electrode in the additive-free electrolyte solution. The voltage profile of graphite anode using the in-operando FTIR cell (a), and its SNIFTIR spectra during the 1st charging process (b) and the 1st discharging process (c). The each single beam spectrum was taken at the marked point of the voltage profile. The total SNIFTIR spectra for the initial 2 cycles (d).
Electrochemistry, 83(10), 874-878 (2015) charging-discharging profile of the graphite anode (a) and its inoperando FTIR spectra (b)-(d). The SEI formation process on the graphite anode is observed in the initial four SNIFTIR spectra during the charging process in Fig. 4(b) . The negative peaks at 1240, 1274 and 1310 cm ¹1 corresponding to the formation of C-O bonds show that the ether-based compounds are formed as the SEI layer. On the other hand, the following SNIFTIR spectra during the charging process only show the adsorption state change of the solvent molecules, same as the LiMn 2 O 4 cathode discussed in the previous section. The SNIFTIR spectra of the graphite anode during the discharging process are shown in Fig. 4(c) . All the peaks observed in the spectra well match with the adsorption state change or the electrolyte concentration change of the solvent molecules. No positive peaks at 1240, 1274 and 1310 cm ¹1 observed in the SNIFTIR spectra during the discharging process suggests that the ether-based compounds formed during the charging process remain as a stable SEI layer. Figure 4(d) shows SNIFTIR spectra of every charging and discharging step during the initial 2 cycles. The SNIFTIR spectra clearly show the SEI formation occurs during the 1 st charging process and mostly no irreversible spectra change are observed in the following cycles.
We also investigated the SEI formation process of the graphite anode in the electrolyte solution containing a film-forming additive LiBOB as shown in Fig. 5 . The SEI formation process is actually observed in the initial three SNIFTIR spectra. Especially the 1 st SNIFTIR spectrum in Fig. 5(b) shows very strong positive peaks at 980, 1099, 1324, 1766 and 1820 cm ¹1 corresponding to the consumption of LiBOB. The negative peaks at 1016, 1072, 1160 and 1255 cm ¹1 are assigned to the C-O bond of the SEI layer. Since the peak intensity of the SNIFTIR spectra is much higher than that of the additive-free electrolyte solution, the SEI layer formed in the electrolyte containing LiBOB should be thicker than the additivefree one. After the SEI formation process in the initial charging process, the following SNIFTIR spectra showed a tricky behavior. The peak intensities gradually get weak and all the peaks mostly disappeared around SOC 70%. Then the peaks appear again during rest of the charging process. Interestingly, the tricky behavior of the SNIFTIR spectra is mostly reversible as shown in Fig. 5(c) . This peak intensity change could be related to the stage 1-2 transition of the graphite anode, because all the peaks after the initial SEI formation process are assigned to the either the bulk electrolyte solution or the solvated solvent molecules. Further investigations are necessary to understand the dynamic behavior during the chargingdischarging process. A series of the SNIFTIR spectra for each charging and discharging process are also shown in Fig. 5(d) . The SNIFTIR spectrum also shows the SEI formation through the electrochemical decomposition of the LiBOB during the 1 st charging process. Same as the additive-free electrolyte, the SNIFTIR spectra of the 2 nd show very good reversibility. Even though the detailed structure of the SEI layer cannot be determined just by the FTIR, the SNIFTIR spectra of the two electrolyte solutions clearly showed the different structure of the SEI layer. Hence we think the new in-operando FTIR spectroscopy could be a powerful tool for the development of the electrolyte additives for lithium-ion batteries.
Conclusion
We developed a new in-operando FTIR spectroelectrochemical cell and demonstrated the in-operando measurement using composite electrodes of LiMn 2 O 4 and graphite. The spectroelectrochemical cell is successfully operated at 1 C fast charging-discharging rate, while conventional in-situ FTIR cell needs to be operated at very low rate. The in-operando FTIIR result for LiMn 2 O 4 cathode clearly showed the electrolyte concentration change at the beginning of the charging process and the end of the discharging process. The continuous change of the refractive index was also observed in the following part of the charging and discharging process, however the electrolyte decomposition process at the surface of the LiMn 2 O 4 was not detected. Further improvement of the measurement technique is necessary to detect the oxidation of the electrolyte solutions. On the other hand, the in-operando FTIR spectroscopy for the graphite anode clearly showed the SEI formation process by the decomposition of the solvent molecules and the electrolyte additive: LiBOB. The SEI formation process was observed at the beginning of the 1 st charging process and only the reversible spectra changes were observed in the following charging-discharging process. The comparison of the in-operando FTIR spectra in the two electrolyte solutions clearly showed the formation of the different species as the SEI layer. Here we conclude that the new in-operando FTIR spectroscopy is powerful tool for the development of the film formation additives for lithium ion batteries. Figure 5 . In-operando FTIR spectra of the graphite negative electrode in the electrolyte solution containing 5 wt% of LiBOB. The voltage profile of graphite anode using the in-operando FTIR cell (a), and its SNIFTIR spectra during the 1st charging process (b) and the 1st discharging process (c). The each single beam spectrum was taken at the marked point of the voltage profile. The total SNIFTIR spectra for the initial 2 cycles (d).
Electrochemistry, 83(10), 874-878 (2015) 
